ABSTRACT: Models of height curves generated using a linear mixed effects model and generalized model were compared. Both tested models were also compared with local models of height curves, which were fitted using a nonlinear regression. In the mixed model two versions of calibration were tested. The first calibration approach was based on measurement of heights only in trees of the mean diameter interval, while the second calibration approach was based on measurement of tree heights in three diameter intervals. Generalized model is the mathematical formulation of a system of uniform height curves, which is commonly used in the Czech Republic. The study took place at Training Forest Enterprise called Masaryk Forest at Křtiny and was carried out for Norway spruce (Picea abies [L.] Karst.). It was found that the mixed model behaves correctly only in the case of calibration based on selection of trees in three diameter intervals. Selection of a total of nine trees was confirmed as the most suitable to calibrate the model. In most of the calculated quality criteria, the mixed model achieved better results than the generalized model, even with a smaller number of measured heights. The bias of both models from the local model was very similar (0.54 m for the mixed model and 0.44 m for the generalized model). The mixed model can therefore fully replace the commonly used generalized model even with a smaller number of measured heights.
The height of a tree can be considered one of the most important variables in the forest inventory and modelling of its current state or future development. Height measurement, however, is expensive and time-consuming (Adame et al. 2008 ). This duration can be reduced due to the use of distancemeasuring ultrasonic technology (Vargas-Larreta et al. 2009 ), but is still higher than when measuring the diameter at breast height of a tree. Therefore the measured heights began to be replaced by fitted heights. These heights are fitted by the height curve model, which is based on a relationship between the diameter at breast height of a tree and its height (height-diameter relationship) (Huang et al. 1992; Martin, Flewelling 1998) . This relationship is also referred to as the height function. This function can be written using a wide range of relationships from linearized equation (e.g. Zhang et al. 2004) , adjusted growth functions (e.g. Zhang 1997) or allometric equations (e.g. Trincado et al. 2007 ) to functions specially constructed for this purpose (e.g. Petterson 1955) , which are the most frequent. Their broad overview can be found e.g. in Fang and Bailey (1998) , Huang et al. (2000) , Husch et al. (2003) , Van Laar and Akça (2007) and Fabrika and Pretzsch (2013) . Besides the traditional parametric methods, also nonparametric models can be used. Examples of these methods can be found in Zhang et al. (2008) , Schmidt et al. (2011) , Kangas and Haara (2012) and Adamec and Drápela (2015) .
The height curve model is fitted mostly at a local level -the level of forest stand. But even this model requires measuring a large number of heights. Van Laar and Akça (2007) recommend 20 to 25 heights. Drápela (2011) recommends even 3 to 5 heights for each diameter class. Additionally, the problem in this type of model is that any particuSupported by the Mendel University, Internal Grant Agency of the FFWT, Grant No. 49/2013. lar model is valid within that stand only at a given moment (Curtis 1967) . Height curve changes its shape with the forest stand age (Prodan 1951) . The problem of curve changes at various stages of stand development can be solved by replacing a specific height curve at a given time with a system of uniform height curves. It is a comprehensive system of schematized curves that model the expected pattern of height curves of individual species in a given population thus enabling to choose just one curve for a specific forest stand and substitute it for the actual curve of a species in the given forest stand (Šmelko 2007) . It is therefore a set of curves that correspond to particular stages of development of the even-aged stand. The stage of stand development is defined by its mean diameter (Fabrika, Pretzsch 2013) and often also by its mean height. Generally, the inclusion of stand variables in the height curve model reduces the mean of residuals and increases the model's accuracy (Calama, Montero 2004) . Mathematical formulation of a system of uniform height curves is the model known as the generalized height-diameter (h-d) model (GM). In this type of model the mean diameter of a stand is determined, and only for trees within the defined interval of mean diameter several heights are measured which provide the mean height. To determine the fitted heights, you then need only diameters at breast height of individual trees, but no additional heights are measured. The number of measured heights necessary for determining the mean height is lower than the total number of measured heights with the local model of height curve. The above statement is the main reason why generalized models are often used instead of local models. Generalized models were dealt with e.g. by Wolf (1978) , Zhang (2004), Castedo-Dorado et al. (2005) , Sharma and Parton (2007) and Vargas-Larreta et al. (2009) .
The linear mixed effects (LME) model of height curve uses two components -the fixed and the random part. The fixed component explains the impact of different variables as with the ordinary least squares regression (Yang, Huang 2011) . The random component explains the heterogeneity and randomness given by both known and unknown factors (Vonesh, Chiinchilli 1997) . The fixed component thus applies to the entire data set (e.g. the whole population or ecoregion) and the random component refers to the various hierarchical levels of the set (e.g. forest stand) (Adame et al. 2008 ). The result is the same as with the generalized model, one general model that will be very well applicable to the study area. For this model to be applicable even outside the forest stands that were used to construct it, the calibration is required. Calibration can be either conditional or unconditional (Calama, Montero 2004) . Conditional calibration is used more often because it estimates random components of parameters for each individual forest stand. To this end, at least one value of the dependent variable must be measured in the given stand. As with the generalized model, it is necessary to measure several heights also in the calibrated mixed model in order to create the height curve model to the stand level. The reason why the LME model could replace the generalized model is that for its proper use it should be sufficient to measure significantly fewer heights. Models of height curves built up from the LME model were dealt with e.g. by Eerikäinen (2003) , Mehtätalo (2004) , Trincado et al. (2007) , Schmidt et al. (2011) , Kangas and Haara (2012) and Lu and Zhang (2013) .
The aim of the study is to compare the linear mixed effects model and generalized model for modelling tree heights at the stand level and check whether the LME model could replace the generalized model. Both models will be compared in terms of goodness of fit of the resulting model. The number of measured heights of trees in the mixed model, which is needed for model calibration, will be also compared with the number of heights necessary to determine the mean height of the forest stand for the generalized model.
MATERIAL AND METHODS
The models were built up for Norway spruce (Picea abies [L.] Karst.) being the main commercial tree species in the Czech Republic. Data material was used that was measured in 2011 as a basis for analysing the Norway spruce height curves in the territory of the Training Forest Enterprise called Masaryk Forest at Křtiny. Measurements were done on 46 circular sample plots in 23 forest stands. Two sample plots were placed in each forest stand in order to better describe the variability of forest stand and create a larger data set at the stand level. The size of sample plots varied depending on the age of the stand ranging from 250 m 2 in the youngest stands (under 40 years of age) to 1,200 m 2 in mature stands (over 81 years of age). A total of 1,590 trees were measured in the forest stands aged from 30 to 136 years. The diameter at breast height of a tree to the nearest 1 cm and height of a tree to the nearest 0.1 m were measured. At the stand level, the mean diameter d g and the mean height h g were calculated. Mean diameter was calculated as the quadratic mean of tree diameters (Fabrika, Pretzsch 2013) (Eq. 1):
where:
Mean height was calculated for a tree with mean diameter d g from local models of height curves built up for individual stands. For modelling the height curve at the local level, the two-parameter Michailoff height curve was chosen (Michailoff 1943 ) (Eq. 2): (2) where:
-fitted height of a tree i, a, b -parameters of the model,
The model developed by Šmelko et al. (1987) was chosen for the generalized height-diameter model. This model is a mathematical formulation of a system of uniform height curves generated by Halaj (1955) , which is commonly used in the Czech Republic in forest inventory. This model includes mean diameter d g and mean height h g as the stand variables. The model can be described using the equation below (Eq. 3): (3) where:
-fitted height of a tree i, The generalized height-diameter model by Šmelko et al. (1987) is also based on the Michailoff function. The Michailoff height function was chosen for modelling at a local (stand) level as well as for the construction of mixed model. All three models (local, generalized and mixed model) used the same height function and it was possible to compare each other.
The LME model was built up as a two-level model. The first level contains only the tree variables (height of a tree and diameter at breast height of a tree). The second level already includes stand variables. As a stand variable, the mean diameter d g was chosen. The reason for using this variable was that the estimates of the first level parameters showed a strong statistically significant relationship with just that variable. This relationship has a nonlinear shape for parameter a, so the logarithm of the mean diameter was used as a stand variable. The choice of mean diameter as a stand variable was also supported by the fact that it was easily identifiable in the stand and it was also contained in the generalized height-diameter model by Šmelko et al. (1987) . The LME model of the Michailoff height curve using the stand variable can be thus described by the following Equations (4-8):
(4) (5) (6) (7) ( 8) where:
-fitted height of a tree i, a, b
-parameters of the model, In order to use the LME model also for forest stands other than those for which it was constructed, it is necessary to calibrate the model. In this case the conditional calibration was used, which requires measuring at least one value of the dependent variable in a given stand. This is performed to calculate the random parts of the model parameters for a particular forest stand using the technique of best linear unbiased predictor (BLUP) by Robinson (1991) .
According to Calama and Montero (2005) the estimate of random parts of the parameters can be performed according to the following equation (Eq. 9):
where: -vector of BLUP for the random components, -covariance matrix of the random effects, -design matrix for the random components, -estimated matrix for the residual variance, -vector whose values are the residuals of the marginal unconditional calibration and whose dimension is the number of observations.
Two variants of tree selection for the conditional calibration were tested. In the first variant only trees that were in the range of mean diameter < d g ± 2 cm > were selected. Under this option, the calibration upon measurement of 1 to 5 trees was carried out. This option was chosen because it is similar to the selection of trees for determining the mean height h g in the generalized height-diameter model. In this model, Šmelko et al. (1987) chose trees for height measurement to determine the mean height h g also only with the diameter at breast height in the range of mean diameter d g . In the second variant, trees in three diameter intervals were selected: < d min ; d min + 4 cm >, < d g ± 2 cm > and < d max -4 cm; d max >. In each diameter interval 1, 2 or 3 trees were measured, so in this variant a total of 3 to 9 trees were measured. For both variants, the trees within diameter intervals by using 10 simulations were randomly selected. The calibration of mixed model was carried out in eight stands. In these stands the resulting calibrated LME models were also compared with the local model calculated by nonlinear regression and also with the generalized model by Šmelko et al. (1987) . The main criterion for selection of these stands was a different age to allow for comparisons of the models used in different stages of stand development. Basic data of the stands are listed in Table 1 .
The comparison of the models was performed by using of the following criteria: -coefficient of determination (R 2 ) (Eq. 10),
-root mean square error (RMSE) (Eq. 11),
-Akaike information criterion (AIC) (Akaike 1973 ) (Eq. 12),
mean of deviations of fitted values obtained from the LME or GM and fitted values obtained from the local model fitted by nonlinear regression (NLR) (Δ i ) (Eq. 13),
where: y i -measured value of a tree i (i = 1, 2, 3, …, n), -fitted value of a tree i (i = 1, 2, 3, …, n), -mean value of all measured trees i (i = 1, 2, 3, …, n), e i -residual value, n -sample size, m -number of model parameters, -fitted value of a tree i (i = 1, 2, 3, …, n) from LME or generalized model, -fitted value of a tree i (i = 1, 2, 3, …, n) from NLR local model.
All analyses and models were conducted in the R software environment (R Development Core Team 2015). The results are shown with significance level of α = 0.05, thus with 95% confidence.
RESULTS
The resulting linear mixed effects model has two levels. Estimates of parameters of the model, covariance matrix and standard deviation of residuals are shown in Table 2 .
Two different ways of selecting trees for conditional calibration were tested. The quality of the calibrated model was evaluated according to the criteria above. These criteria were calculated for all 10 simulations in the LME model and also for the generalized and local models. In the LME model average values for all the criteria from all simulations were calculated. For the mean of deviations of fitted values obtained from the LME model and fitted values obtained from the NLR model, the 95% confidence intervals of mean values were also calculated. The resulting values of the criteria are given in Table 3 .
Results in Table 3 are given only for that variant of calibration when the trees in three diameter in- -mean value of all measured trees i (i = 1, 2, 3, …, n),
-fitted value of a tree i (i = 1, 2, 3, …, n) from LME or generalized model,
-fitted value of a tree i (i = 1, 2, 3, …, n) from NLR local model -fitted value of a tree i (i = 1, 2, 3, …, n) from LME or generalized model,
-fitted value of a tree i (i = 1, 2, 3, …, n) from NLR local model Table 3 show that the LME model, which uses calibration data measured on trees in three diameter intervals, is reasonable. With the increasing number of measured trees, the goodness of fit of the model grows as well. If a comparison is made of results obtained using the LME model and results of the generalized model, it is evident that the LME model with three measured trees provides significantly worse results. The mean of deviations of the fitted values is on average (indifferently for forest stands) more than double than that of the generalized model. Conversely, when comparing the LME model with nine measured trees and the generalized model, better results for R 2 , RMSE, and AIC were achieved in the LME model. The mean of deviations of the fitted values for the LME model is still higher than that of the generalized model, but only by 10 cm on average. In four stands the LME model achieved even better results than the generalized model. In the light of the results obtained, it can be concluded that the LME model with nine trees measured for the calibration purposes achieves similar results like the generalized model and can therefore be used in place of it. If both types of tested models (the LME TC -type of criterion, Δ i -mean of deviations of fitted values obtained from the LME or generalized model and fitted values obtained from the NLR local model (values in brackets are confidence intervals of the mean), R 2 -coefficient of determination, RMSE -root mean square error, AIC -Akaike information criterion, 3T -calibrated LME model based on 3 measured trees, 6T -calibrated LME model based on 6 measured trees, 9T -calibrated LME model based on 9 measured trees, GM -generalized model, LM -local model and generalized model) were compared with the local model, it was found that there are differences between models, but in practical terms these differences are acceptable. Both compared types of models can thus be used instead of the local model of the height curve. In the LME model, the above applies only when more trees are used for calibration (6 to 9). The quality of both compared models against the local model can be well seen in Fig. 1a , which shows all the constructed models by the example of forest stand no. 22. In the mixed model it is also better to use calibration based on a greater number of trees on the grounds that it better describes the variability of heights in individual diameter intervals. This leads to stabilization of the height curve position. For calibration based on smaller samples the curve position is more influenced by even one biased value. This means that if dominant, or conversely, suppressed tree is selected for calibration, the curve position is biased towards this individual. Stabilization of the position of the resulting curve, and its resistance to outliers causing bias are seen in Fig. 1b, which shows the influence of the number of measured trees by the example of forest stand no. 22. The position of the curve constructed by the LME model, which was calibrated on the basis of three measured trees, is significantly biased when compared with the local model. That is because two dominant trees were measured (one with small diameter and one with large diameter). The position of the height curve constructed by the LME model calibrated through measurement of nine trees is no longer biased, although the same two trees were also selected.
DISCUSSION
Within the LME model, two types of tree selection for conditional calibration were tested. A model, which is based on selection of trees only in the interval of mean diameter, proved unsuitable because it had poor values of the monitored criteria or was not biologically justified. Crecente-Campo et al. (2010) also tested the conditional calibration with selection of trees within the mean diameter. The difference was only in the fact that they used the nonlinear mixed effects modelling approach to construct the height curve. Their sample size for calibration was 1 to 10 trees. Nor did they describe this method of selection as suitable, because models constructed using this method for calibrating had a very high mean of residuals and standard errors. Also Özcelik et al. (2013) confirmed in their work the high mean of residuals at the same calibration method. But it is arguable that the mean of residuals, standard error of residuals as well as the root mean square error decrease when a larger sample size is used for calibration, regardless of the method of selection (Trincado et al. 2007; Kangas, Haara 2012) . This hypothesis was confirmed in this study only partially, and only in the case of selection made from three diameter intervals.
Very good results were achieved in the model where the tree selection was made in three diameter intervals. While the variant with a single tree in each diameter interval displayed high values of the mean of deviations of fitted values obtained from the LME model and fitted values obtained from the NLR local model, they decreased when a larger sample size of trees was chosen within the intervals. When selecting three trees in each interval, in the half of the forest stands this mean of deviations was even less than in the generalized model. For other monitored criteria better results were achieved with the LME model than with the generalized model in all forest stands. In their work, Crecente-Campo et al. (2010) and Özcelik et al. (2013) used the same methodology for the selection of trees (3, 6 or 9 in three diameter intervals). Both of these studies arrived at the same conclusion that when trees are selected from more diameter intervals, the quality of the model is significantly better. For the generalized model we have determined the mean height h g as a function of d g with using the local model. According to Šmelko (2007) it is one of the standard ways of h g determination. Another standard way is a procedure where a certain number of trees with diameter <d g ± 2 cm> is found, their heights are measured and arithmetic mean is calculated. This is also taken as the mean height h g of the stand. The latter way was not used because there was not a sufficient number of trees with diameter <d g ± 2 cm> on sample plots. For first way of h g determination, Van Laar and Akca (2007) recommended 20 to 25 height measurements. For the second way of h g determination, Halaj (1955) recommended to measure 9 to 22 heights for the whole stand depending on its size and to divide this number in direct proportion to the species composition. Šmelko (2007) proposes determining this number according to the stand height variability and raising it by several heights compared to Halaj (1955) in order to achieve higher accuracy. Šmelko (2007) indicates that if the mean height h g is determined by measuring 10 to 25 heights in <d g ± 2 cm>, it is possible to determine the mean height with the standard error of ± 2%. It is therefore apparent that in using the generalized model, we need to measure more heights than in the case of the calibrated LME model. For this reason, the LME model can be classified as an effective method in terms of the time required for measurements (Crecente-Campo et al. 2010; Zhao et al. 2013) .
As a generalized model, the model constructed by Šmelko et al. (1987) was chosen. Alternatively, the generalized model by Wolf (1978) can be used. This model is also based on the Michailoff function using mean diameter and mean height. Its performance is practically identical to the actual model used. Its disadvantage is that it has set the parameters for spruce only.
The results have shown that according to most criteria the LME model provides better results than the generalized model. The same results were obtained e.g. by Sharma and Parton (2007) , who compared the generalized model and nonlinear mixed effects (NLME) model for more boreal tree species in Ontario as well as Vargas-Larreta et al. (2009) , who compared the NLME model and generalized model for different tree species in Durango, Mexico.
Our generalized model used mean diameter and mean height as stand variables. Both variables are often used because they describe the stage of stand development. For example, Wolf (1978) used the same stand variables in his generalized model and achieved very similar results in terms of quality of the resulting model. The same variables were used also by Adame et al. (2008) , who in addition to these two stand variables tested also dominant height and dominant diameter, stand basal area per hectare and number of trees per hectare. Their model was best when they used stand basal area and dominant height. Good results using the generalized model were also obtained by Schröder and Álvarez-Gonzáles (2001) , who used mean diameter, Soares and Tomé (2002) , who used dominant height and Temesgen and von Gadow (2004) or Temesgen et al. (2014) , who used the stand variables like stand basal area per hectare, number of trees per hectare and stand basal area of larger trees per hectare.
CONCLUSIONS
The linear mixed effects model can be used as an alternative for modelling the height curve instead of the generalized model. But in order to use the LME model also in the stands on which it was not constructed, its calibration is required. Wellfunctioning calibration turned out to be that which selects trees for calibration measurements in three diameter intervals. Three trees should be measured in each interval (total of nine) to achieve the practically acceptable goodness of fit of the LME model. During this calibration we achieved the mean of deviations of fitted values obtained from the LME model and fitted values obtained from the local NLR model of approximately 50 cm. This deviation is not too big and is acceptable from a practical point of view, so the LME model can also be used in place of the local model. Conversely, the calibration based on the measurement of trees only in the interval of mean diameter proved inoperable. The models resulting from this calibration method often failed to meet basic requirements for the height curve (e.g. the continually increasing function). The advantage of the calibrated LME model against the generalized model is that the model of the same quality is achieved when measuring a smaller number of heights. In this case, we have measured maximally 9 heights in the LME model. In the generalized model, it is recommended that 10 to 25 heights are measured. This number is directly and proportionally dependent on the variability of heights within the forest stand. The LME model is thus able to achieve the same (or better) results than the generalized model, but at a lower intensity of measurements in terms of both time and money.
